Subconcussive head impacts, defined as impacts to the cranium that do not result in clinical 25 symptoms of concussion, are gaining traction as a major public health concern. Researchers 26 begin to suggest subconcussive impact-dependent changes in various neurological measures. 27 However, a contribution of physiological factors such as physical exertion and muscle damage 28 has never been accounted. We conducted a prospective longitudinal study during a high school 29 American football season to examine the association between physiological factors and 30 subconcussive head impact kinematics. Fifteen high-school American football players 31 volunteered in the study. A sensor-installed mouthguard recorded the number of head impacts, 32 peak linear (PLA: g) and peak rotational (PRA: rad/s 2 ) head accelerations from every practice 33 and game. Serum samples were collected at 12 time points (pre-season baseline, five in-season 34 pre-post games, and post-season) and assessed for the creatine kinase skeletal muscle-specific 35 isoenzyme (CK-MM), as a surrogate for skeletal muscle damage. Physical exertion was 36 estimated in the form of excess post-exercise oxygen consumption (EPOC) from heart rate data 37 captured during five games via a wireless heart rate monitor. A total of 9,700 hits, 214,492 g, and 38 19,885,037 rad/s 2 were recorded from 15 players across the study period. Mixed-effect 39 regression models indicated that head impact kinematics (frequency, PLA, and PRA) were 40 significantly and positively associated with CK-MM increase, but not with EPOC. There was a 41 significant and positive association between CK-MM and EPOC. These data suggest that skeletal 42 muscle damage effects should be considered when using outcome measures that may have an 43 interaction with muscle damage, including inflammatory biomarkers and vestibular/balance tests. 44 45 65 brain impacts, as opposed to the extracranial effects common to an athletic 66 population such as exercise and muscle damage." -Di Battista et al. 2016 [13] 67 "A lack of biomechanical, neuroimaging, and neuropsychological data limit 68 our ability to determine if the elevations in serum neurofilament-light are a result 69
Introduction 47 health issues. The majority of head impacts do not induce clinical signs and symptoms of 48 concussion and are often referred as subconcussive head impacts [1] . Despite the individual 49 being asymptomatic, these head impacts have the potential to cause insidious neurological 50 deficits, if sustained repetitively over time [2, 3] . Emerging evidence has postulated that long-51 term exposure to repetitive subconcussive head impacts is a key predictor for the development of 52 a neurodegenerative pathology called chronic traumatic encephalopathy (CTE) [4, 5] . However, 53 such a cause and effect relationship can only be confirmed by a life-long longitudinal study, 54 which has been deemed infeasible. 55 A number of studies have been conducted to examine neuronal responses to subconcussive 56 impacts in both acute (several days) and subacute (several weeks) time frames, in addition to the 57 chronic effects from an entire season. Collectively, subconcussive head impacts have shown to 58 induce transient vestibular defect [6] , lingering ocular-motor impairment [7, 8] , acute and 59 chronic elevations in blood biomarkers of neural injury [9, 10], and pronounced axonal diffusion 60 over the course of a season [3, 11, 12] . A concern has been raised that virtually all reports to date 61 were unable to account for potential confounding effects from vigorous exercise and muscle 62 damage, with some papers listing this issue as a limitation [7, 10, 13, 14] as evidenced by the 63 following quotes, while other papers simply failed to acknowledge it [15] [16] [17] . 64 "Further validation is needed to correlate systemic biomarkers to repetitive of axonal damage caused by head impacts or from another source, such as muscle." 70 -Oliver et al. 2016 [10] 71 During periods of physical exertion in a hot environment, the core body temperature can 72 exceed 40°C (104°F) [18] . An animal study indicated that when animals sustained traumatic 73 brain injury under hyperthermic conditions, there was greater neuronal cell death in the 74 hippocampus compared to normothermic conditions [19] . In addition to the thermic effect of 75 activity, intense exercise often triggers muscle damage, systemic inflammation, and fatigue, 76 which may influence neurological variables including neurocognitive function [20] , blood 77 biomarker [21, 22] , and balance [23] . If effects from physical exertion and muscle damage are 78 associated with either subconcussive impact frequency/magnitude or neurological outcome 79 variables, caution is warranted in interpreting the previous reports indicating subconcussive 80 impact-dependent increase in neural injury blood biomarkers [9, 10, 16], neural network 81 disruption [11, 12] , and ocular-motor impairment [7] . Conversely, if such an interaction between 82 the physiological factors and subconcussive head impacts does not exist, it is unnecessary to 83 account for physiological factors in the causal inference of head impacts on brain damage. 84 Given that gold-standard neurological measurements for subclinical neural injury have 85 not yet been established, we instead examined the association between physiological factors and 86 subconcussive head impact kinematics in a prospective longitudinal study of high-school football 87 players during a single season. For head impact kinematics, we employed a sensor-installed 88 Vector mouthguard, whose kinematic accuracy has shown to be superior to helmet, skin patch 89 and headband sensors [24-26], to record frequency and magnitude of head impacts from all 90 practices and games. For physical exertion, we monitored players' heart rate via wireless chest-91 strap heart-rate monitor and estimated players' excess post-exercise oxygen consumption 92 (EPOC). EPOC is a well-accepted measurement in the field of exercise physiology to estimate 93 the degree of "oxygen debt" during exercise, reflecting physiological load and energy 94 metabolism [27] . For muscle damage, we collected blood samples at pre-and post-games from 95 five in-season games and measured serum levels of creatine kinase (CK), particularly a skeletal 96 muscle-specific isoenzyme (CK-MM), which has been considered an indirect surrogate marker 97 of muscle damage [28] . Collectively, we tested our hypotheses that there would be no significant 98 association between head impact kinematics and physiological factors (EPOC and CK-MM), 99 while there would be a significant association between EPOC values and creatine kinase levels. Mixed-effect regression models indicated that head impact kinematics (frequency, PLA, 198 PRA) were significantly positively associated with CK-MM increase (Fig 2) , but not with EPOC 199 (Table 3) In-game PRA (rad/s 2 )/1000 0.008 (0.076) 0.918
Note. PLA, peak linear acceleration; PRA, peak rotational acceleration; CK-MM, creatine kinase skeletal muscle isoenzyme; EPOC, excess post-exercise oxygen consumption. 213
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In the present study, we assessed two of the most practical physiological variables, 215 physical exertion and muscle damage, and examined their association with head impact 216 frequency and magnitude sustained during football games. To the best of our knowledge, this is 217 the first and most comprehensive clinical study to suggest the potential tri-linkage among head 218 impact kinematics, muscle damage, and physical exertion. There were three chief findings from 219 the present study: 1) physical exertion levels as measured by EPOC were not associated with 220 frequency and magnitude of head impacts sustained during games, 2) muscle damage as assessed 221 by CK-MM was significantly and positively associated with head impact frequency and 222 magnitude, and 3) there was a significant positive association between muscle damage and 223 physical exertion measures. 224 The most meaningful implication of this study is that it may be unnecessary to account 225 for physical exertion effects in subconcussion studies. This information is significant for existing 226 literature that failed to measure physical exertion variables [7, 10, 13, 14, 16, 17, 31], as well as 227 planning for future studies, given the limited feasibility of heart rate monitor usage by athletes. 228 Contrarily, we highly encourage researchers to account for muscle damage effects, especially for 229 studies using outcome variables that can be influenced by muscle damage, such as inflammatory 230 markers, brain-enriched factors that are expressed, albeit low level, within skeletal muscle (i.e., 231 S100B), and balance assessment. This recommendation is supported by our novel and 232 unexpected finding that there was a significant positive association between serum CK-MM 233 levels and head impact kinematics, which necessitates a brief review of the mechanism by which 234 CK-MM is released into the bloodstream. 
